Here, we report on near-infrared and ATR/FT-IR spectroscopic measurements of magnesium stearate and potato starch powder blends. In the pharmaceutical and food industries, magnesium stearate is commonly used as a supplement in powder blends or granules for the purpose of lubrication and to minimize aggregation and adherence. However, excessive blending of magnesium stearate (MgSt) may lead to unwanted effects, and more particularly during the manufacturing of products. Upon blending, the IR bands due to both CH symmetric and anti-symmetric stretching modes decreased and displayed a frequency shift to higher wavenumber as the blending duration increased. The NIR and the auto-correlation spectra were collected during the duration of blending in real-time. The auto-correlation spectra indicated the disaggregation of starch particles and a following effect of excessive blending. We suggest that the disaggregation of starch and the following process can be monitored by NIR and the auto-correlation spectra.
Introduction
Powder blending is a process frequently used in the preparation of a homogenous powder mixture in many industries, such as chemical, food, agricultural, and pharmaceutical companies. Traditionally, powder-based technology has seen growing development in these industries. Magnesium stearate (MgSt) is used for the purpose of lubrication and to prevent particle aggregation and adherence to manufacturing machines. 1, 2 In particular, in the pharmaceutical industry, approximately 1% of MgSt is frequently used and blended to powder mixtures or granules immediately prior to the compression process. MgSt thus becomes indispensable to improve the manufacturing efficiency and to ensure product uniformity.
The mechanism of lubrication in powder blends relies on the fact that small particles can interpose between large particles. 1 The average particle size of MgSt is approximately 3 μm; thus, the addition of small interposing MgSt particles leads to a decrease in the contact surface area between particles, and reduces friction. On the other hand, MgSt may induce unwanted effects on compressed solids, and may lead to a decrease in the mechanical strength and repelling water, primarily due to the presence of stearic alkyl chains. 1, [3] [4] [5] Generally these effects result from excessive blending or over accumulation; thus, understanding and monitoring the process of powder blending is necessary to ensure product quality. 6 That said, investigation of particle surface phenomena may be challenging due to minute amounts of MgSt. Changes in the surface topography of particles blended with MgSt were investigated using a scanning electron microscope (SEM).
5,7-9 X-ray diffraction (XRD) measurements were also performed to investigate the multi-layer formation of MgSt on a glass plate. 10 Pinyte-Hódi et al., 11 Hussain et al., 12 and Abe et al. 4 demonstrated Energy-dispersive X-ray (EDX) microanalysis to detect MgSt on the particles after blending. Hussain et al. calculated the surface coverage of MgSt by EDX. 12 Abe et al. investigated changes in the surface of potato starch by blending with MgSt, and revealed changes in the coverage of MgSt by the blending time. 4 Vajna et al. 13 performed Raman mapping of MgSt in tablets. Widjaja et al. 14 has also studied the low amount of the MgSt distribution in powder blends by means of a Raman microscope. These Raman spectroscopic studies were performed under high magnifications of ×100. A high-resolution objective was necessary because of the small particle size of MgSt; however, it resulted in a decrease in the measurement area.
Although these studies of XRD, EDX, and Raman spectroscopy revealed that the MgSt molecules form mono-and/or multilayers on a solid surface, the use of these technologies for realtime process monitoring was inadequate. This is because a fast scan of data collection and flexible devices, such as fiber optics, are required for real-time monitoring.
Near-infrared spectroscopy and laser-induced break-down spectroscopy were applied to determine a low amount of MgSt in pharmaceutical powder blends. 4, 15, 16 There are numerous reports concerning the formation of MgSt layers, and also on the determination of low amounts of MgSt in the powder blends. These two subjects were independently investigated by different analytical methods. In the present study, the behavior of MgSt blended with potato starch particles were analyzed using attenuated total-reflection measurements of Fourier-transform infrared (ATR/FT-IR) spectroscopy to investigate the surface phenomena. By using a wireless Fourier-transform nearinfrared (NIR) spectrometer, NIR spectra collection was also performed during the duration of blending to monitor the process in real-time. In order to analyze the powder blend uniformity, auto-correlation spectra were calculated for the realtime collected NIR spectra. The combined use of the ATR/FT-IR and NIR spectroscopic measurements was demonstrated to investigate both of the change in the surface and the blend uniformity.
Experimental

Materials
Plant-derived magnesium stearate (MgSt) and potato starch were purchased from Wako Pure Chemical Industries (Osaka, Japan) and Kozakai Seiyaku (Tokyo), respectively. These materials were used as received.
Methods
Blending procedure. A 5-L V-shaped blender was used to blend MgSt to potato starch. The powder samples of potato starch and MgSt were loaded into the blender at a ratio of 99% (1980 g) and 1% (20 g), respectively. The blending was conducted for 2.5 h at 20 rpm. Approximately 5 g of the powder was sampled after 2 min, and then every 30 min sampling from various positions in the blended mix. IR spectroscopic measurement. IR spectra of the powder samples were measured using an FT-IR spectrometer (FT/IR-4100, Jasco, Tokyo) and a single-reflection ATR attachment. IR spectra were collected with 600 accumulations at a 4 cm -1 resolution. NIR spectroscopic measurement. NIR spectra of the powder were collected in real time during the duration of blending using a wireless NIR spectrometer (Lancir II, Bruker Optics, Germany). The NIR spectroscopic device equips a 256-element TE-cooled InGaAs diode array detector; the spectral range is between 1100 and 2200 nm. An internal orientation sensor is also equipped to sense the blender position for measurement synchronization. The spectral acquisition was performed at every rotation of the blender while communicating to a computer via WLAN. Figure 1 shows the corrected ATR/IR spectra of starch, MgSt, and its blended samples in the 3000 -2800 cm -1 range, where the sharp and broad bands represent the C-H stretching mode of stearic alkyl chains and starch, respectively. The bands due to the stearic chain feature a decrease and a slight shift to higher wavenumber as the blending progresses. The band shift and the absorbance reduction are shown in Figs. 2 and 3 , respectively. The band shift and reduction remained at constant values after a 90-min blending period.
Results and Discussion
ATR/FT-IR spectroscopic measurements
In ATR/FT-IR measurements, the distance of the evanescent wave from the ATR prism surface depends on the wavelength of the irradiated light, incident angle, and the reflective indexes of the prism and the sample. In our measurements, the incident angle was 45 and a zinc selenide (ZnSe) prism was used with a reflective index of 2.4. Hence, the distance of the evanescent wave obtained was 1 -4 μm using a sample reflective index of 1.02 and a corrected wavelength of 2 -25 μm. Since the particle size of MgSt is approximately 3.0 μm, in the initial stage of blending within 30 min, the evanescent wave effectively detects the particles of MgSt on the surface of starch.
Upon longer-term blending, MgSt particles collapsed due to shear stress, and turned into the production of a thin film layer. 9 As the thickness of the MgSt layer decreased at the surface of the starch particles, the bands due to stearic chain were reduced, while the bands due to starch were enhanced. In previous reports, layer formation had been concluded by the uniform distribution of MgSt on the surface and the morphological change in the surface. [12] [13] [14] On the other hand, in this work, the layer formation was determined based on spectral changes in the C-H stretching modes of MgSt. Compared to the observation-based determination, the results from the ATR/FT-IR measurements were contributed by not only the chemical information, but also by the layer thickness. Figure 4 shows NIR spectra collected during the duration of the blending process in real-time. In order to calculate the autocorrelation spectra, Φ(λ), the spectra were fractionated to data sets, y(λ, T), using a window size of 10 min and a 2-mininterval, such as T = 0 -10, 2 -12, 4 -14 min. The autocorrelation spectra were calculated as the real part of;
NIR spectroscopic measurements
where Ψ(λ), Y  , Y  *, and ω are the imaginary part of the correlation, the result of the Fourier transformation for the dynamic spectra Y  (λ, T), the conjugate of the Fourier transformation, and the frequency of the Fourier transformation. The dynamic spectra were obtained by;
where y (λ) is a reference spectrum, which is usually an averaged spectrum for the time range. Figure 5 shows the auto-correlation spectra calculated at each time range. The initial auto-correlation spectrum corresponded to the NIR spectrum of the powder mixture, as shown in Fig. 4 ; thus, the initial auto-correlation means that all of the peaks are changed at this time stage. Usually, since potato starch particles tend to aggregate, MgSt is added to disaggregate them. Therefore, during the initial time stage, changes in the spectra correspond to the baseline shift due to the disaggregation of starch particles. The following two auto-correlation spectra displayed similar patterns to the initial spectrum; however, because of the decrease in the signal-to-noise ratio, the baseline shift was close to the equilibrium state.
The auto-correlation spectra for longer blending than the 10 -20 min time range indicated distinguish peaks from the initial correlation. Since the noise still remained, the peaks constantly appeared at the same wavelength in the autocorrelation spectra. The peak at around 1400 nm corresponded to the peak due to the combination band between the CH stretching and the bending modes of MgSt. According to the results of ATR/FT-IR spectroscopy, the bands due to the CH stretching mode drastically decreased in the initial stage; thus, the changes in the CH combination band at 1400 nm were contributed by collapsing the particles of MgSt.
The peaks at around 1900 nm corresponded to the peaks due to the C=O stretching second overtone of MgSt, or a combination band between the COH stretching and bending modes of starch. The excessive blending leads to layer formation of MgSt on starch particles; thus, it is considered that an interaction between stearic C=O and the hydroxyl group of starch is induced. The auto-correlation spectra displayed a low signal-to-noise ratio in the long-term blending region, because the collected diffuse reflectance NIR spectra were not sensitive to the surface, and the changes in the NIR spectra were minimal during this blending region. In other words, the minimal auto-correlation spectra may indicate excessive blending. The blending of MgSt and potato starch involved a uniform process and a following excessive process of layer formation. During blending, it is desirable to monitor this process in order to determine an adequate blending condition. However, according to previous reports based on NIR monitoring, it seems to be difficult to distinguish between uniform and excessive blending. In this work, the blending process was quantitatively investigated using both ATR/FT-IR and NIR spectroscopy. We suggest that the layer formation of MgSt assumed by ATR/FT-IR causes undesired powder properties, such as low lubrication, tablet formability dropping, and decreasing affinity to water by blending. Moreover, the prior changes in the MgSt particles to the layer formation can be detected by NIR spectroscopy and the auto-correlation spectra. These changes in the autocorrelation spectra were strongly supported by the results of ATR/FT-IR spectroscopy.
Conclusions
In the present study, ATR/FT-IR and NIR spectroscopic measurements of MgSt and starch powder blends were described under varied blending conditions. The IR bands due to both CH symmetric and anti-symmetric stretching modes decreased, and displayed a frequency shift to a higher wavenumber upon long term blending. The changes in the IR bands indicated the collapse of MgSt particles and the formation of a MgSt layer on the starch particles. We suggest that the NIR auto-correlation spectra can be used for the monitoring and early detection of the excess blending.
